This work presents ab initio study of strain-induced modulation of band structure of Si.
Pressure-induced variation of gap of Si has also been studied before both experimentally and theoretically by density functional theory (DFT) within local density approximation (LDA) and quasiparticle corrections. 19 It is found that although the computations within LDA underestimates the band gap by ~50-100% of the experimentally measured one, the pressure coefficients of the band gaps are accurate for carbon 20 and other group-IV elementary and III-V compound semiconductors. 21 Observation of photoluminescence in porous Si 22 has initiated ab initio studies 2 of the effect of lattice expansion on band edge levels of group-IV materials and it was found from that upon straining the Si with negative pressure ~15.5 GPa its band gap can be converted from indirect to direct. Similar result was obtained for Si by linear combination of Gaussian orbitals method (Ref. 23 ) and by GW ("G" stands for oneparticle Green's function as derived from many-body perturbation theory and "W" for Coulomb screened interactions) approximation. 24 However, in these studies effective masses related to the newly formed minimum at the Γ point, barrier heights to transfer conduction band electrons from/to X, Γ, and L points as well as band offset between strained and unstrained regions of Si have not been studied and relation of these results to luminescence, transport, and recombination properties of Si was not discussed.
The aim of the paper is to study electronic structure of Si for different strain values in the range 0-20 GPa as well as band structure of Si with a nanodot/nanowire from a void. We found that at strains >12 GPa band structure of Si can indeed be turned from indirect to direct with the bottommost conduction band (CB) and topmost valence band (VB) located at the Γ-point, (ii) conduction band electron effective mass related to the Γ-point is much smaller than that at the X and L points, (iii) band offset between the strained and bulk has been calculated. Also, we discuss role of the results in electrical and optical properties of Si containing strained regions.
Computational details
VASP-PAW package 25, 26 has been used in the present study along with generalized-gradient approximation of Perdew-Wang 27 . Lattice relaxation was performed by using the conjugate gradient method. The plane-wave cutoff energy of 500 eV was used for all the calculations. The convergence was achieved when the forces acting on the atoms were smaller than 20 meV Å -1 and the total energy difference between two consecutive iterations were < 10 -6 eV. The convergence criteria and more details about the optical calculations were discussed in Ref. 28 .
Self-consistent calculations were performed using a 10×10×10 mesh frame according to Monkhorst-Pack scheme for primitive unit cell of Si. The unit-cell vectors used are a=(0,1/2,1/2)a, b=(1/2,0,1/2)a, and c=(1/2,1/2,0)a, a is the cubic lattice constant, and there are four formula units per unit cell specified at (0,0,0) and 
in the close vicinity of the band extremum in the energy range 25-300 meV 28 . As it was demonstrated for a number of III-V and II-VI semiconductors, the LDA calculations underestimate not only the band gap, but also the CB effective masses. 30, 31 3. Results
Structural studies
Using the lattice parameter a=5.392 Å and positional parameters of Ref. 32 as input crystal lattice of Si has been optimized. The equilibrium lattice constant has been estimated from the minimum in dependence of the total energy on volume and found to be equal to a=5.27 Å, which was used as equilibrium lattice parameter. 
Band structure and band gaps
To mimic strain-induced variation of band structure of Si we have performed electronic structure studies for different values of the lattice parameter. Figure 1 presents band structure for unstrained bulk Si with P=0 GPa and strained Si with straining pressure value of P=11.9 GPa. It is seen that distinct from the bulk Si with indirect band gap, the strained Si posses direct band gap with the bottommost CB and topmost VB located at the Γ point. The strain value P=11.9 GPa is in the range is smaller than 15.5 GPa of Ref. It should also be noted that although band structure of Si has been turned from indirect to direct at moderate strains around 12 GPa, the band values meV/GPa. 36 , which indicates that the rigid shift technique can be applied for this particular pressure range.
As it is well known bottommost CB in unstrained bulk Si does not posses a well defined extremum. Distinguishing feature of strained Si is that such an extremum is at the Γ point. Dispersion around the newly formed well in the Γ point is much more dispersive than those at L and X points of the unstrained Si. Because of this feature electrical current transport by CB electrons through the Γ point is expected to be better than that through X and L points.
Effective masses
For comparative analysis of the band dispersion around the Γ point we have calculated carrier effective masses. The results are presented in Table I . Analysis of Table I shows that the calculated CB and VB electron effective masses for unstrained bulk Si are in good agreement with experimental data. These findings indicate that the computations are reliable. Then the masses have been calculated for strained Si with turned band gap.
It is seen in Table I that upon straining the VB masses have not been changed much.
However, the CB electron mass at the Γ point is much smaller than that in the X point.
Consequently, electrical parameters of well strained Si can be different than unstrained one.
Barrier heights
Analysis of the CB shows that the bottommost CB located at the L and X points are separated from that at the Γ point by a potential barrier 
Band offset, bond length and volume
Upon straining topmost VB of Si can be shifted compared to unstrained Si. As a result between strained and unstrained Si band offset can be formed, which can effect on transport of electrical current. The band offset has been calculated between the strained and unstrained Si as a function of straining pressures. For the computation we followed the way discussed in Ref. 29 . Distinct from Ref. 29 we did not construct a supercell, because both strained and bulk material are from one and the same material.
To make sure that our approach agrees with the standard one, we calculated the band offset for 24 atomic-layer wurtzite ZnSe/ZnTe superlattice. We found a valence band offset of 1.01 eV for the interface ZnSe/ZnTe, which is in very good agreement with the experimentally established 0.97±0.1 eV. 37 This gives us confidence that the way of estimation of the band offset is reliable. Figure 5 demonstrates VB offset between strained and unstrained Si. It is seen that topmost VB of the strained Si is lower than that of the unstrained one. However, the band offset is small, so holes shall be accumulated in the unstrained part of Si. CB offset has been estimated using the band gap values of strained Si calculated 24 within GW approximation. It shows that CB electrons can be confined in the strained part of Si. If, as we noted upon analysis of band dispersion, electronic conductivity along the newly formed CB minimum of Si is more enhanced than that in bulk Si, carrier confinement around dislocations can explain the reason of the experimentally established result as to more enhanced electrical conductivity in Si along dislocations than that of bulk Si. 38, 39 If the CB electrons accumulated in the strained region, then that region can attract the injected holes, which can enhance carrier recombination. If the recombination is radiative, then luminescence intensity can also be enhanced. Analysis of 
Band structure of Si with a nanodot and nanowire formed by a void
The above discussed findings of this work indicate that the presence of strained region(s) in Si with elongated Si-Si bonds can drastically modulate band structure of Si.
As mentioned in Introduction, such regions can be formed around dislocations, Si. 8, 13 The direct band gap of the group of atoms can be responsible for the luminescent features of the ion implanted Si, which previously have been ascribed to dislocations.
Discussion
As mentioned in Introduction, the strain region can be formed around dislocations.
Consequently, the results presented can be related to dislocation engineered Si. For example, the result as to turning band structure of Si from indirect to direct can explain the reason for the enhancement of the radiative recombination in dislocation engineered
Si than the unstrained one. 1 The finding that magnitude of the band gaps related of the L, Γ, and X points are close to each other indicates that both direct and indirect optical transitions can be almost the same. This can explain the experimental evidences as to observation of the phonon assisted transitions. 35 The result as to reduction of the barrier height to transfer CB electrons from L/X points into Γ with increasing the strain is also important. It indicates that upon increasing the temperature number of free carriers transferring from L/X points into Γ increases thus increasing the intensity of radiative direct optical transition. Consequently, this result can explain the experimentally 13 observed fact as to increase of the illumination intensity with increasing the temperature.
The idea of strained Si with direct band gap is consistent with the model 15, 16 relating the origin of the Staebler-Wronski effect in a-Si:H to an enormous number of voids in the sense that carrier recombination in direct band gap material is known to be much faster than those with indirect band gap. Furthermore, it explains why light-emitting feature of a-Si:H in the infrared range of spectra is more advanced than that of bulk crystalline Si.
Our finding can also shed light into the question as to why ion implanted, poly-, multi-crystalline and porous Si emits light better than bulk crystalline Si. According to traditional point of view the reason of more enhanced photoluminescence feature of the Si phases than unstrained bulk Si can been ascribed to dislocations. 8, 12, 13 If we suggest that voids can be formed upon ion implantation, or exist in poly-, multi-crystalline and porous Si then the regions with elongated Si-Si bonds could be formed around the voids. Those regions of Si can be direct band gap and radiative recombination of free carriers in these regions can be more enhanced than those in other unstrained ones.
The result as to well dispersive character of the bottommost CB at the Γ point and related small CB electron effective mass shows that the CB electron mobility can also be much larger than that at the X point of unstrained Si. This result can shed light into the recent finding as to the enhanced electrical conductivity through the channels formed by dislocations due to increase of carrier concentration and mobility. 38, 40 It should be noted that the above mentioned applications of the features extracted from comparative analysis of band structure of strained Si can be important to extend device applications of Si also. For example, the feature of the strained Si to posses CB minimum at the Γ point can be important for electric-field induced transfer of CB electrons from one valley into another. This has implications to use the strained Si as generator of ossillations similar to the well known GaAs one. 
Conclusion
Thus we studied band structure of Si for different values of the lattice parameter, which corresponds to different strain values. It is found that in the strain range 0-20 GPa the topmost valence band remains at the Γ point. However, at strains from >12 GPa bottommost conduction band is located at Γ point thus indicating that band structure of Si turns from indirect to direct. The bottommost conduction band at the Γ point of the strained Si is found to be much narrower than that at the X point of the bulk Si.
Consequently, effective masses of the former are much smaller whereas electrical conductivity through it can be expected to be more superior than those of the latter.
Barrier height needed to overcome for the electrons of the Γ point to be transferred into X/L points or from X/L to Γ point have been calculated. Since the regions in Si with strain and, consequently, elongated Si-Si bonds, can be formed in the close vicinity of the dislocation loops and voids, the origin of infrared luminescence of multi-, poly-, porous Si, a-Si:H as well as ion implanted Si are suggested to be related to modified band structure of Si from indirect to direct. 
